Introduction
Various microbial species can catabolize nicotinic acid (Na) and other aromatic compounds, which are abundant in the external environment (Carmona et al., 2009; Fuchs et al., 2011; Díaz et al., 2013) . Early studies described bacterial anaerobic Na degradation, but aerobic catabolic pathways had not been fully defined (Behrman and Stanier, 1957; Harary, 1957; Ensign and Rittenberg, 1964; Pastan et al., 1964) . More recently, the Diaz group showed that Pseudomonas putida KT2440 aerobically uses Na as a sole carbon and energy source (Jim enez et al., 2008) . They identified the nic gene cluster required for Na catabolism and defined the entire pathway (e.g., Fig. 1A ). They also identified highly similar orthologous nic gene clusters in other bacterial genera, including Bordetella species. A subsequent report by this group characterized the regulation of the P. putida nic genes, showing involvement of two distinct repressors, NicS and NicR, whose functions were inhibited by the Na substrate and/or by 6-hydroxynicotinic acid (6-HNa), the product of the first reaction in the Nic pathway of Na degradation (Jim enez et al., 2011) .
The three classical Bordetella species, Bordetella bronchiseptica, Bordetella pertussis and Bordetella parapertussis, are highly genetically related obligate respiratory pathogens of mammals that have no known external environmental reservoirs (Mattoo and Cherry, 2005; Melvin et al., 2014) . A B. bronchiseptica-like organism is thought to be the ancestor of the classical species. Members of the genus Bordetella are in the family Alcaligenaceae and thus are taxonomically related to Achromobacter and Alcaligenes species (Parkhill et al., 2003; Vandamme et al., 2013) . Consistent with this, there are nonpathogenic Bordetella species that are soil inhabitants (Wang et al., 2007; Gross et al., 2008) . Bordetella research has generally focused on the classical species, with the goal of understanding mechanisms of pathogenesis. However, we know little about their physiology and metabolism. Since the host represents the environment in which these bacteria must obtain nutrients and survive, increased knowledge of Bordetella physiology and metabolism is important. In vitro, these organisms are nonfermentative-they apparently do not catabolize sugars, but can use glutamate and aketoglutarate as sole carbon sources, and depending on the species, will also catabolize lactate, acetate and A. Proposed Bordetella pathways for NAD biosynthesis based on previous studies (Brickman et al., 2017) and nicotinic acid catabolism, modeled on the pathway determined by Jim enez and colleagues (2008) . NAD pathway enzymes: PncA, nicotinamide deamidase; PncB, nicotinic acid phosphoribosyltransferase; PncC, nicotinamide mononucleotide deamidase; NadC, quinolinic acid phosphoribosyltransferase; NadD, nicotinic acid mononucleotide adenylyltransferase; NadE, NAD synthetase; NadK, NAD kinase. NaMN, nicotinic acid mononucleotide; NaAD, nicotinic acid adenine dinucleotide; NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; NMN, nicotinamide mononucleotide. Nic pathway enzymes are described in Table 1 . B. Genetic organization of proposed nic genes in B. bronchiseptica. Locus 1 represents the core nic gene cluster (open arrows). The nicEDXF genes of locus 1 are duplicated at locus 2. The genomic DNA coordinates (B. bronchiseptica RB50 NC_002927) of the two regions are given as are the locus tag designations under each gene. Genes BB1770 and BB1771 that separate the nic genes from the bps operon (grey) are indicated in black.
other amino acids and tricarboxylic acid (TCA) cycle intermediates (Fukumi et al., 1953; Proom, 1955; Stainer and Scholte, 1970; Plotkin and Bemis, 1998; Thalen et al., 1999 , Brancos dos Santos et al., 2017 .
Most Bordetella virulence factor genes are transcriptionally controlled by the BvgAS two-component signal transduction system (Mattoo and Cherry, 2005; Melvin et al., 2014) . Phosphorylated BvgA activates transcription of virulence factor genes (Bvg 1 phenotypic phase), and when its abundance decreases, Bvg-activated genes are not expressed, but the Bvg2 phenotypic phase-specific genes are instead transcribed. This effect can also be achieved by growing the bacteria in media containing millimolar concentrations of Na or sulfate (Lacey 1960; Pusztai and Joo, 1967; Schneider and Parker, 1982; Melton and Weiss, 1993) ; this virulence gene 'modulation' is dependent on the Bvg system (Miller et al., 1992) and is reversed on return to standard culture conditions. Most Bordetellae lack a de novo biosynthesis pathway for nicotinamide adenine dinucleotide (NAD) and, therefore, are auxotrophic for the NAD salvage pathway precursors Na, nicotinamide (Nm) (Hornibrook, 1940; McPheat and Wardlaw, 1980) or quinolinic acid (Qa) (Brickman et al., 2017) . Na or Nm is routinely added to defined Bordetella culture media at micromolar concentrations to satisfy this nutritional requirement. (Cotter and Miller, 1997; Melvin et al., 2014) . It is unknown whether the sulfate or Na modulators share a mechanism of action, nor is it known if they represent natural signals detected by BvgS. However, the millimolar Na concentrations that cause Bordetella phenotypic modulation may also provide a nutritional source of carbon and nitrogen and thus may represent a natural signal. Furthermore, the presence of nic orthologs of the P. putida Na degradation gene cluster suggests that Bordetella species may catabolize Na. In this study, we report the taxonomic distribution of the nic gene cluster in Bordetella species and show that, as in P. putida, B. bronchiseptica nic gene transcription is repressed by a NicR ortholog and derepressed by millimolar concentrations of Na or 6-HNa. Dysregulation of the Nic pathway impacted bacterial growth and virulence gene regulation, indicating a relationship between BvgAS, intracellular Na pools and catabolism, and the maintenance of essential NAD cofactor homeostasis.
Results

Description and organization of Bordetella nic genes
Jim enez and coworkers reported that Na could serve as the sole carbon and energy source for P. putida KT2440, identifying and characterizing the nic gene locus responsible for aerobic Na catabolism (Jim enez et al., 2008) . They determined that aside from P. putida, the only other organisms with orthologous nic gene clusters were b-proteobacteria of the Burkholderiales order. The study showed that in the Burkholderiales, the chromosomal organization of the nic genes, as well as their predicted protein products, are remarkably similar to those in P. putida. The predicted Bordetella Nic pathway enzymes and NicR regulator proteins have 41%-80% amino acid sequence identity with those of P. putida (Table 1) . The prototypic nic gene cluster of P. putida contains genes encoding enzymes for Na degradation, the NicR MarR-family transcriptional regulator, and a putative Na transport system. Our in silico analyses confirmed that this orthologous nic gene cluster (also denoted as locus 1) is present in B. bronchiseptica (Fig. 1B) , 2008) as associated with the Bordetella nic cluster was then later described as bpsR (Conover et al., 2012) , encoding a transcriptional repressor of the bpsABCD genes involved in production of extracellular polysaccharide during biofilm formation. At present, in this study we use the bpsR gene designation. The bpsR (nicR) gene of B. bronchiseptica is separated from bpsABCD by genes encoding a putative membrane protein (BB1770) and a tRNA Arg (BBt23). As with the nic loci of P. putida and other Burkholderiales species (Jim enez et al., 2008) , there are predicted transport genes in Bordetella nic locus 1, located downstream of bpsR. Fifty bp downstream of Bordetella nicB2 is a gene encoding a putative flavocytochrome (BB1784), orthologs of which are not associated with the nic loci of P. putida or other species within the Burkholderiales. Only classical Bordetella species appear to have this flavocytochrome gene.
A separate gene locus (locus 2: BB0271-BB0275) was identified, encoding paralogs of the locus 1 nic cluster nicEDXF genes in the classical Bordetella species, B. avium and B. ansorpii. In B. bronchiseptica RB50, this locus differs in DNA sequence from the paralogous core nic cluster DNA region by only 10 nucleotides, and encodes proteins with primary amino acid sequences that are identical to those of the locus 1 nicEDXF gene products. The locus 2 nicEDXF paralogs are predicted to be operonic with a promoter-proximal gene encoding a putative 2,3-dihydroxybenzoate decarboxylase (BB0271) predicted to be involved in catabolism of aromatic compounds. In silico analysis indicates that P. putida KT2440 does not have an orthologous locus 2. B. holmesii, B. bronchialis and B. flabilis lack locus 1 but appear to have locus 2 or a derivative of it. B. petrii strain J51 has a prototypic nic locus 2 but strains DSM12804 and J49 do not.
In B. pertussis strains Tohama I, UT25 and CS, the nic genes are adjacent to the bpsR and bpsABCD genes, as they are in B. bronchiseptica RB50 and other B. bronchiseptica strains (Fig. 1B) . However, in some other B. pertussis strains, there are genome rearrangements affecting the region, such that nic cluster genes are not proximal to the bpsR or bpsABCD genes. Although some B. pertussis strains lack nic locus 1, they all have an intact locus 2. For B. pertussis strains that have nic locus 1, the nicB1 (BP1952), nicD (BP1956) and nicB2 (BP1960) genes have been annotated as pseudogenes. It is interesting to note that the locus 1 nicD pseudogene is an exact duplicate of its paralog (BP0580) in B. pertussis locus 2 (BP0578-BP0582). All of the B. pertussis strains examined have locus 2 genes, with the same nicD pseudogene. Analysis of the few B. parapertussis strains for which sequences were available indicates two nic pseudogenes that vary, depending on the strain.
Based on studies of the P. putida nicotinate degradation pathway, the following model for Na degradation in Bordetella species is proposed (Fig. 1A , Table 1 ). NicAB is a multisubunit Na hydroxylase that catalyzes the production of 6-HNa from the substrate, Na. As with P. putida NicA (hydroxylase small subunit), Bordetella NicA shares motifs likely involved in binding two clusters. In P. putida, the NicB large subunit is comprised of two domains: an N-terminal domain with three molybdopterin cytosine dinucleotide (MCD) cofactor binding motifs, and a C-terminal domain with three cytochrome c heme binding motifs. In Bordetella, these NicB domains appear to reside on two separate polypeptides, dubbed NicB2 (BB1783) and NicB1 (BB1776). As proposed previously (Jim enez et al., 2008) , Bordetella NicB2, corresponding to the N-terminal domain of the P. putida NicB protein, binds the substrate and MCD cofactor, and NicB1, with both MCD and heme binding motifs, would mediate electron transfer to cytochrome c oxidase. NicC catalyzes the oxidative decarboxylation of 6-HNa to produce 2,5-dihydroxypyridine. NicX then opens the dihydroxypyridine ring between ring carbon positions 5 and 6 by insertion of two oxygen atoms, yielding Nformylmaleamic acid, which is then deformylated by NicD to generate formic acid and maleamic acid. NicF converts the maleamic acid to maleic acid and ammonia, and in the final step, NicE catalyzes the conversion of maleic acid to the TCA cycle intermediate, fumaric acid.
Analysis of a dataset from a previous cDNA microarray study comparing the Bvg regulons of B. pertussis Tohama I and B. bronchiseptica RB50 revealed that nic gene expression was strongly upregulated when 20 mM Na was used for Bvg phenotypic phase modulation (Cummings et al., 2006) . For example, nicC transcript abundance was increased an average of 3.97-fold in response to high Na concentration. Expression of the bpsR regulator gene was not significantly altered (averaging a 0.85-fold increase in transcript abundance) and bpsA expression was increased 1.65-fold under those same conditions. However, in that study neither the nic loci nor the bps genes were found to be Bvg-regulated. Since the phenotypic phase modulation response requires millimolar concentrations of Na, and Bordetellae have putative Na catabolic pathway nic genes that are upregulated in response to Na, it was hypothesized that these organisms, like P. putida, may use this aromatic compound as a nutrient for growth.
Nic pathway effects on the growth of wild-type and mutant B. bronchiseptica strains
The classical Bordetella species are typically grown in standard Stainer Scholte (SS) defined medium formulated with 32 lM Na as the required cofactor for NAD biosynthesis (Stainer and Scholte, 1970) . Since Nm at the same concentration promotes better growth of B. pertussis than Na (Parker, 1976) , the SS medium we routinely use in our studies has this modification. In SS medium, glutamate and proline serve as the main Bordetella carbon sources, which would presumably obviate the need to catabolize Na via the Nic pathway. Using medium modifications that included substitution of the glutamate and proline carbon sources for Na (2-5 mM), and altering the nitrogen source and inoculum density, growth stimulation was not observed (data not shown). To date, we have not been successful in formulating a defined medium that could demonstrate that B. bronchiseptica grows using Na as the sole carbon source (as does P. putida).
We observed that compared with wild-type (WT) B. bronchiseptica, in-frame DbpsR mutant strain RBB27 had dramatically reduced growth yields in SS formulated with 30 lM Na. Conover et al. also noted poor growth of this mutant in the standard SS medium (Conover et al., 2012) . To further examine this growth defect, WT B. bronchiseptica RB50 and the isogenic DbpsR mutant RBB27, each carrying the plasmid vector control, and RBB27 complemented with a bpsR 1 plasmid, were grown in SS medium containing low or high concentrations of Na, Nm or Qa as sole NAD precursors (Fig. 2) . The WT strain showed typical good growth on each of the three pyridines at 30-lM concentration. In contrast, the DbpsR mutant showed poor growth on 30 lM Na, but had significantly higher growth yields with 30 lM Nm or Qa. Complementation of the mutant restored growth on 30 lM Na to levels equivalent to, or higher than, WT levels. All of the strains exhibited abundant growth on 1 mM concentrations of Na, Nm and Qa. These results demonstrate that the bpsR regulator mutant is specifically defective for growth on low concentrations of Na, strongly suggesting that, as predicted, the NicR-type BpsR regulator influences utilization of Na. B. bronchiseptica lacks the nadA and nadB genes necessary for de novo synthesis of NAD (Parkhill et al., 2003) . One possible explanation for the bpsR mutant growth defect on Na was that Nic pathway deregulation by loss of BpsR-mediated repression caused excessive Na degradation, depleting precursor pools needed for NAD synthesis (e.g., Fig. 1A) . If true, then ectopic induction of de novo NAD biosynthesis was predicted to relieve this growth yield defect. Previous studies demonstrated that the Paraburkholderia phytofirmans nadAB de novo NAD biosynthesis genes (nadAB 1 Pphy ) are expressed in B. bronchiseptica and allow it to grow in the absence of NAD precursor supplements (Brickman et al., 2017) . B. bronchiseptica RB50 (WT) and RBB27 (DbpsR) carrying the plasmid vector control (nadAB-) or pBBR/nadAB 1 Pphy (nadAB 1 ) were assessed for growth in the absence or presence of Na or Nm (Fig. 3) . The WT bronchiseptica supplied with various pyridine precursors of NAD. Wild-type strain RB50 (WT) and isogenic DbpsR mutant derivative RBB27 (DbpsR), each carrying a plasmid vector control (pBBR1MCS-2) or the complemented RBB27 (pBB2/nicR), (DbpsR/ bpsR1), were grown for in SS medium containing nicotinic acid (Na), nicotinamide (Nm) or quinolinic acid (Qa) as the sole pyridine source at the indicated concentrations. Growth yields were measured after 24 h. *, p value of 0.05. bronchiseptica DbpsR mutant in SS medium containing 30 lM Na as the sole pyridine. Strains carrying a P. phytofirmans nadAB strain carrying the control plasmid vector failed to grow in the absence of pyridines, but NAD prototrophy conferred by nadAB 1 Pphy rescued its growth, as previously observed (Brickman et al., 2017) . DbpsR mutant RBB27 (vector control) similarly did not grow in the absence of pyridines, and also showed its typical poor growth on 30 lM Na. Expression of nadAB 1 Pphy in the DbpsR mutant not only promoted growth in the absence of NAD precursors, but also importantly, relieved the mutant growth defect on 30 lM Na as the sole pyridine.
It was noted that genetic complementation of the DbpsR mutant using a bpsR 1 multicopy plasmid often restored growth on 30 lM Na to levels that were higher than those observed in the WT strain, suggesting that BpsR overproduction might enhance repression of the nic degradation pathway genes, thus sparing Na for NAD production. To determine whether bpsR overexpression could promote improved growth on limiting Na concentrations, we examined WT(vector) and the WT(pBpsR) strains for their growth on very low concentrations of Na (Fig. 4) . The BpsR-overproducing strain consistently yielded higher levels of growth compared with the same WT strain lacking the bpsR 1 plasmid.
Remarkably, even at the lowest Na concentration of 0.94 lM, the overproducing strain grew extremely well, compared with the control strain. These results are consistent with the hypothesis that super-repression of the nic genes associated with BpsR overproduction blocks the Na catabolic pathway, allowing any available Na to be used for NAD synthesis. The same beneficial Na utilization effect should occur if the Nic pathway itself were inactivated. To test this hypothesis, a B. bronchiseptica DnicA mutant (RBB33) was constructed; the mutant should be blocked at the first reaction in the degradation pathway. The WT parent and DnicA mutant strains carrying the plasmid vector control, and the complemented DnicA mutant, were grown in SS medium with low concentrations of Na as the sole pyridine NAD precursor (Fig. 5) . The mutant exhibited exalted growth at all of the Na concentrations compared with the WT strain. Complementation of the DnicA mutant strongly decreased growth yields at all Na concentrations, compared with the mutant and WT strains. In sum, these results suggest that inactivating the Nic pathway allows B. bronchiseptica to use its limiting Na for NAD biosynthesis that is essential for growth. Additionally, it is possible that inactivation of the Nic pathway, by mutation or excessive repression, influences NAD homeostasis, promoting efficient recycling of pyridines and NAD breakdown products.
nicC expression is Na-responsive and BpsR-regulated
The initial reactions of the Na catabolic pathway would need to be carefully controlled to avoid pathway activation when NAD precursor abundance is limiting. Therefore, transcriptional responsiveness to the Na substrate or to the 6-HNa product of the first dedicated step in the pathway would serve as an effective means of control. In P. putida, the nicAB operon, encoding products catalyzing the first step in Na degradation, is transcriptionally repressed by NicS, the activity of which is inhibited by binding either Na or 6-HNa, resulting in nicAB derepression (Jim enez et al., 2011) . In Bordetella, nicB2 is in a Fig. 4 . BpsR overproduction is associated with improved growth yields of B. bronchiseptica on limiting concentrations of Na. Strains were cultured in SS medium supplemented with various concentrations of Na as the sole pyridine source and growth yields were measured after 24 h. WT, strain RB50 (pBBR1MCS-2 vector); BpsR overproducer, RB50 (pBBR/bpsR); *, p value of 0.05. There were no significant differences in mean growth yields between WT and BpsR-overproducing strains in SS medium supplemented with 30 lm Nm (data not shown). Fig. 5 . Inactivation of the Na degradation pathway improves growth yields of B. bronchiseptica on limiting concentrations of Na. Strains were cultured in SS medium supplemented with various concentrations of Na as the sole pyridine source, and growth yields were measured after 24 h. WT, RB50 (pBBR1MCS-2 vector); DnicA, nicA mutant RBB33 (pBBR1MCS-2 vector); DnicA/nicA 1 , complemented RBB33 (pBB2/nicA); *, p value of 0.05. There were no significant differences in mean growth yields for all 3 strains in SS supplemented with 30 lm Nm (data not shown).
separate operon from nicA and nicB1. The nicA coding sequences begin 109 bp downstream of nicC, suggesting that they are transcribed independently, which Cummings and colleagues (2006) also predicted based on gene expression patterns observed by cDNA microarray. However, other in silico analysis using Microbes Online (Dehal et al., 2010) indicated that they are likely to be operonic. Using a DNA fragment encompassing the predicted nicC-nicA intergenic region, a nicA-lacZ transcriptional fusion was constructed, but showed no appreciable LacZ activity under any growth medium condition tested (data not shown). Since nicC appeared to be the promoter-proximal gene in a nicCAB1 operon involved in the early steps of Na catabolism, a nicC-lacZ transcriptional fusion plasmid was constructed to assess the influence of various pyridines and BpsR on nicC promoter activity.
WT strain RB50 carrying nicC-lacZ plasmid pMP/nicC was cultured in SS medium supplemented with Na, Nm or Qa as the sole pyridine source, at either 30 lM or 2 mM concentration, and LacZ activities were measured after 24 h. In this strain, nicC transcriptional activity was strongly upregulated in the presence of 2 mM Na, but not by Na at 30-lM concentration or by Nm or Qa at either concentration (Fig. 6A) . Comparison of nicC-lacZ expression in strain RB50 versus RBB27 (DbpsR) (Fig.  6B ) determined that nicC-lacZ expression was Nainducible in the WT, but constitutive in the DbpsR mutant.
To further characterize nicC-lacZ Na-responsiveness, expression levels were measured after 24 h culture in SS supplemented with Na as the sole pyridine source at concentrations ranging from 30 lM to 4 mM (Fig. 6C) . In WT strain RB50, nicC expression levels varied directly with the concentration of Na in the culture medium, exhibiting maximal expression levels at 2 mM. The DbpsR strain was virtually blind to Na, with nicC expression being uniformly elevated. Trans-complementation of the DbpsR mutant using a bpsR 1 plasmid restored some nicC transcriptional responsiveness to Na, as evidenced by elevated nicC-lacZ expression levels associated with 1, 2 and 4 mM Na concentrations, compared with expression levels at 30 lM Na (p 0.05). However, overall nicC-lacZ expression levels were markedly lower in the complemented mutant versus the WT or mutant strains (p 0.05 for all Na concentrations tested), presumably because BpsR overproduction in the complemented strain resulted in enhanced repression. Overall, these results indicate that in B. bronchiseptica, BpsR represses nicC transcription, and that Na supplied at high concentration relieves that repression to promote expression of early Nic pathway genes.
6-HNa is the inducer of nicC expression
The P. putida KT2440 nic gene cluster is comprised of three Na-inducible operons: nicAB, encoding enzymes that convert Na to 6-HNa, and the two divergently transcribed nicCDEFTP and nicXR operons, the products of A. Influence of various SS pyridine supplements on nicC-lacZ fusion gene expression in B. bronchiseptica. Wild type strain RB50 carrying nicC-lacZ fusion plasmid pMP/nicC was cultured in SS medium supplemented with Na, Nm or Qa as the sole pyridine source, at either 30 lM or 2 mM concentration, and LacZ activities were measured after 24 h. *, p value of 0.05. B. nicC-lacZ expression in B. bronchiseptica wild type versus DbpsR strains in SS medium containing 30 lM Nm, either without additional Na supplementation (None) or with 2 mM Na. WT, strain RB50 (pMP/nicC); DbpsR, strain RBB27 (pMP/nicC); *, p value of 0.05. C. Effects of Na concentration on nicC-lacZ expression in B. bronchiseptica. Strains were cultured in SS medium supplemented with Na as the sole pyridine source at the indicated concentrations, and LacZ activities were measured after 24 h. WT, wild type RB50 (pMP/nicC, pBBR1MCS-2 vector); DbpsR, RBB27 (pMP/nicC, pBBR1MCS-2 vector); DbpsR/bpsR 1 , complemented RBB27 (pMP/ nicC, pBBR/bpsR); *, p value of 0.05. which catabolize 6-HNa to fumarate or regulate transcription. The P. putida nicAB genes are repressed by NicS, which responds to the Na or 6-HNa inducers, resulting in derepression. P. putida NicR exerts negative control at the nicC-nicX divergent control region and is responsive only to 6-HNa (Jim enez et al., 2011).
Since Na relieved BpsR-mediated repression of nicClacZ expression in B. bronchiseptica RB50, we tested the hypothesis that, as in P. putida KT2440, Na was being converted to 6-HNa, and that 6-HNa was the actual inducer. nicC-lacZ expression was assessed in the DnicA strain RBB33, predicted to be unable to produce 6-HNa from Na. Because 6-HNa does not satisfy the pyridine requirement of B. bronchiseptica for NAD cofactor production (data not shown), all cultures were supplemented with 30 lM Nm, and induction by Na and 6-HNa was assessed (Fig. 7) . In the WT strain, nicC-lacZ expression was strongly induced by 2 mM Na, but not by 30 lM Nm, as predicted. However, expression was also strongly induced by 2 mM 6-HNa. In the DnicA strain, nicC-lacZ expression was no longer responsive to Na, but responded strongly to 6-HNa. Complementation of the DnicA mutation restored induction by Na. Similar results were achieved using 1 mM 6-HNa (data not shown). Since transcription of nicC in the DnicA mutant only occurred when 6-HNa, the product of the first pathway reaction, was supplied, but not by Na itself, these results indicate that the BpsR repressor binds the 6-HNa inducer, thus inhibiting its function and allowing nicC expression.
Effect of the Na degradation pathway on Bvg phenotypic phase modulation
In standard Bordetella laboratory SS culture, Na is used at micromolar concentrations required for sufficient NAD biosynthesis; however, phenotypic modulation of Bvgregulated genes occurs at millimolar Na concentrations that would also potentially be sufficient to serve as a carbon source. To determine whether Na catabolic pathway activity influences modulation, expression of a lowcopy transcriptional lacZ fusion to the Bvg-activated adenylate cyclase toxin gene promoter (cyaA-lacZ) (Brickman et al., 2017) was used to monitor the response (Fig. 8) . As expected, typical Bvg phenotypic phase modulation using 2 mM Na resulted in maximally decreased cyaA transcriptional activity compared to bacteria grown on 30 lM Na. The B. bronchiseptica DbpsR mutant was modestly more resistant to phenotypic modulation than the WT parent strain at the intermediate Na concentrations. This effect was consistently observed in multiple experiments. Conversely, the DnicA mutant was remarkably more sensitive to phenotypic modulation than the WT strain. Its cyaA-lacZ expression levels in 30 lM Nm were similar to those of the WT and the DbpsR mutant. However, compared with those strains, DnicA mutant expression of cyaA was significantly lower in response to all Na concentrations, with full modulation occurring at 1 mM. These results support the concept that the bacteria can sense and respond to fluctuations in intracellular Na pools. Loss of BpsR-mediated repression would be predicted to enhance Na flux through the Nic catabolic pathway, making Na less abundant in the cytoplasm, thereby dampening the modulation response. Conversely, blockage of the pathway via nicA mutation would make Na more abundant in the cytoplasm, triggering modulation at concentrations that are insufficient to significantly affect Bvg-dependent gene expression in WT strains. bronchiseptica nicC-lacZ strains were cultured in SS medium containing 30 lM Nm alone or with additional 2 mM Na or 6-HNa supplementation, and LacZ activities were measured after 24 h. WT, wild type RB50 (pMP/nicC, pBBR1MCS-2 vector); DnicA, mutant RBB33 (pMP/nicC, pBBR1MCS-2 vector); DnicA/nicA 1 , complemented RBB33 (pMP/nicC, pBBR/nicA); * p-value 0.05. Fig. 8 . Na pathway activity influences B. bronchiseptica cyaA adenylate cyclase virulence gene expression and sensitivity to Bvg phenotypic phase modulation by Na. Strains carrying the transcriptional cyaA-lacZ fusion plasmid pMP2 were cultured in SS medium supplemented with various concentrations of Na or with 30 lM Nm, and LacZ activities were measured after 24 h. WT, RB50 (pMP2); DbpsR, RBB27 (pMP2); DnicA, RBB33 (pMP2); *, p value 0.05.
Discussion
A diversity of bacterial species can degrade and use aromatic compounds as nutrients. Regulation of these pathways often involves a transcriptional regulator, the function of which is either activated or inhibited by binding the aromatic substrate (Parke and Ornston, 2003; Tropel and van der Meer, 2004; Hiromoto et al., 2006; Wang et al., 2014) . The Diaz group characterized the aerobic Na catabolic pathway of the g proteobacterium P. putida and searched for orthologous systems (Jim enez et al., 2008) . Rather than identifying other taxonomically related Pseudomonas or g proteobacterium species, the strongest hits corresponded to members of the Burkholderiales of the b proteobacteria. These included the predicted nic gene products of Bordetella species, which also had a highly similar gene organization. Bordetella locus 1 nic genes that differ from those of P. putida include those encoding the tripartite Na hydroxylase enzymes (NicA, NicB1, NicB2) that carry out the first step of the pathway, contrasting with P. putida NicA and NicB. Whereas the P. putida nic cluster has genes predicted to encode a porin protein and a major facilitator superfamily transporter, presumably for Na uptake, Bordetella locus 1 contains genes encoding a predicted ATP binding cassette transporter. We were surprised to find locus 2, which P. putida lacks, with its duplicated nicEDXF genes. Since the locus 2 promoterproximal gene encodes a predicted 2,3-dihydroxybenzoate decarboxylase, these genes likely function in other aromatic catabolism that uses the NicEDXF enzymes.
Recent studies produced recombinant B. bronchiseptica NicF and NicC in Escherichia coli, confirmed and characterized their maleamate amidohydrolase and 6-hydroxynicotinate 3-monooxygenase activities respectively, and determined the NicC crystal structure (Kincaid et al., 2012; Hicks et al., 2016) . These findings indicate that the B. bronchiseptica nicF and nicC products have the same activities as the P. putida enzymes. Therefore, one might predict Bordetella growth stimulation via catabolism of Na to ammonium and products including fumarate that can enter the TCA cycle. Since relatively little is known of Bordetella metabolism, a systematic analysis of the effects of combinations of growth medium components will be needed to establish whether these organisms can use Na as a primary carbon and/or nitrogen source.
For pyridine auxotrophs like Bordetella spp., utilization of Na as a carbon or nitrogen source would need to be carefully controlled, especially if Na were the only available NAD precursor. P. putida NicR and Bordetella BpsR are members of the MarR family of regulators that typically bind effectors that modify their activity. Based on the present studies and those of P. putida (Jim enez et al., 2011), BpsR, like NicR, represses transcription by binding to upstream control regions of target nic genes. When BpsR binds the 6-HNa inducer, it loses its DNAbinding activity and the nic genes are expressed (derepressed). By responding to the 6-HNa product of the first step in the Nic pathway, flux of Na into that pathway can be monitored and controlled. Derepression in the presence of 6-HNa allows the pathway to function in catabolism for the cell only when sufficient substrate concentrations are available. In our studies, a nicA mutant strain with an inactivated Nic pathway showed enhanced growth in 30-lM Na medium compared with growth of WT cells. These findings suggest that even at concentrations of exogenously added Na that are insufficient for maximal induction of nic gene expression in WT cells, some portion of that Na may be diverted from NAD biosynthesis to the Na catabolic pathway. Conversely, constitutive expression of the pathway in a bpsR mutant was associated with significantly reduced growth in the same 30-lM Na medium. Growth promotion of a bpsR mutant by a low concentration of Nm but not by Na suggests that the cell utilizes transported pools of Na differently than Na that is produced from Nm via PncA, which could be rapidly bound by PncB (Fig. 1A) . Since ectopic expression of de novo NAD biosynthesis genes rescued growth of the bpsR mutant, together our findings reveal significant interaction between NAD homeostatic mechanisms and the Na catabolic pathway. Furthermore, fluctuations in Nic pathway activity appear to alter intracellular Na concentrations, impacting Bordetella virulence gene expression. We have found no obvious correlations between the presence or absence of the nic gene clusters and the complement of NAD biosynthesis genes (Brickman et al., 2017) among the Bordetella species.
BpsR is a repressor of the bpsABCD operon involved in production of an extracellular polysaccharide involved in biofilm development (Conover et al., 2012) , which was shown to be important for respiratory tract colonization of mice (Sloan et al., 2007) and swine (Nicholson et al., 2017) . To our knowledge, P. putida NicR has not been reported to regulate expression of extracellular polysaccharide or biofilm genes. It was reported that a bvgS intermediate phase strain, as well as WT cells grown in 0.2-2 mM Na, induced B. bronchiseptica cell autoagglutination (Cotter and Miller, 1997) ; we also noted this phenotype in our own experiments. These observations are consistent with reports noting the stimulatory effects of Na on B. bronchiseptica biofilm formation (Irie et al., 2004; Sisti et al., 2013; Ambrosis et al., 2016) . In a study analyzing the effects of high Na concentrations on B. pertussis and B. bronchiseptica, transcription of all of the nic genes was strongly Na-induced and bpsA was moderately induced (Cummings et al., 2006) . Together, these observations indicate roles for Na and BpsR in biofilm formation, although the relationships between the Nic pathway, Na, biofilms and BvgAS are not yet known.
In Bordetella cells, Na can both modulate the expression of virulence genes and potentially serve as a nutrient. Since Bordetella species have nic genes encoding a Na catabolic pathway, they have either retained the pathway because it is relevant to growth in or outside of a host or the genes represent ancestral relics that are no longer useful. B. pertussis and B. parapertussis strains have nic pseudogenes, suggesting the latter; however, they retain intact bpsR genes, and B. pertussis produces a BpsABCD-dependent extracellular polysaccharide (Conover et al., 2010) . Modulated Bordetella cells are in the Bvg2 phenotypic phase, in which virulence factor gene expression ceases and transcription of genes for motility and certain metabolic functions is induced (Melvin et al., 2014) . BvgAS are required for modulation and one of the periplasmic domains of the BvgS membrane histidine kinase was shown to bind Na in vitro (Herrou et al., 2010) . The cellular benefit or function of the Bordetella modulation response is unknown although the Bvg2 phase is thought to be important for survival outside of a host or for transmission between hosts (Cotter and Miller, 1997) . However, recent studies indicate that Bordetella cells do experience Bvg2 conditions in vivo (Mason et al., 2013; Hoo et al., 2014 , Dewan et al., 2017 . In another study, investigators identified B. bronchiseptica brtA, a lapA ortholog, and demonstrated it was a Bvg2 phase gene involved in biofilm formation and expressed in infected rat trachea (Nishikawa et al., 2016) . Although we could find no reports of the concentrations of Na in a mammalian respiratory tract, eukaryotic cells have cycling pathways that excrete pyridines and NAD breakdown products for later use in NAD synthesis (Nikiforov et al., 2015) , so it is reasonable to hypothesize that Na may be present extracellularly in the host. Since each Bordetella cell can respond to conditions in its immediate microenvironment, it is possible that local levels of Na may be sufficiently high to consume, as well as to elicit the modulation response.
Experimental procedures
Bacterial strains and general culture conditions B. bronchiseptica RB50 (Cotter and Miller, 1994) was used as the wild-type strain in this study and construction of isogenic DbpsR mutant strain RBB27 has been described (Conover et al., 2012) . Escherichia coli DH5a (Invitrogen, Carlsbad, CA, USA) was used as the host strain for routine DNA cloning procedures, and was grown using LuriaBertani agar or broth. B. bronchiseptica was grown on Bordet-Gengou (BG) agar (Bordet and Gengou,1906) containing 7.5% sheep's blood or in the defined liquid medium of Stainer and Scholte (SS medium) (Stainer and Scholte, 1970) modified as described (Schneider and Parker, 1982) . Antibiotics were used at the following concentrations: streptomycin, 30 mg/ml; chloramphenicol, 30 mg/ml; tetracycline, 15 mg/ml; gentamicin, 10 mg/ml; kanamycin, 50 mg/ml and ampicillin, 100 mg/ml. Nicotinamide, nicotinic acid, quinolinic acid and 6-hydroxynicotinic acid (all 95% pure, assessed by HPLC) were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA), and aqueous solutions were prepared and filter-sterilized prior to use.
General genetic and bioinformatics tools, resources and methods
Standard genetic methods used in this study were described previously (Maniatis et al., 1982) . Conjugal transfers of plasmids from E. coli to Bordetella strains were performed as described previously (Brickman and Armstrong, 1996) ; E. coli DH5a carrying pRK2013 (Figurski and Helinski, 1979) provided DNA processing and mobilization functions for conjugations. Plasmids pEG7 and pEG18.3 (Cotter and Miller, 1997) were used in allelic exchange procedures for Bordetella mutant strain construction. Plasmid pGEM3Z (Promega, Madison, WI) was used as a general cloning vector in E. coli, and broad-host-range plasmid vector pBBR1MCS-2 (Kovach et al., 1994) was used in the construction of recombinant plasmids for Bordetella species. Plasmid pMP220 carries a promoterless lacZ gene (Spaink et al., 1987) and was used to construct the low-copynumber nicC-lacZ transcriptional fusion reporter plasmid for nicC expression studies in B. bronchiseptica. All oligonucleotide primers used in PCR, nucleotide sequencing, and mutant strain construction were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). Primer design, and DNA and protein analyses used the Geneious R6 software version 6.1.8 (Biomatters Ltd., Auckland, New Zealand). All nucleotide sequencing performed in this study was conducted by the University of Minnesota Genomic Center.
Database searches used BLAST servers and other databases provided by the National Center for Biotechnology Information at the National Library of Medicine (https:// www.ncbi.nlm.nih.gov/). The Kyoto Encyclopedia of Genes and Genomes (KEGG) GENES database was used to presumptively identify and arrange predicted gene products in Bordetella metabolic pathways. Nicotinate and nicotinamide metabolic pathways were retrieved using the Search Pathways function at the Integrated Microbial Genomes (IMG) system web site (https://img.jgi.doe.gov/cgi-bin/w/main.cgi) to access related pathways and compounds at the linked IMG, KEGG, MetaCyc and MPW (Metabolic Pathways) databases. Identification of putative gene orthologs, paralogs, and gene clusters used the SSEARCH program at the KEGG Sequence Similarity Database (http://www.kegg.jp/ kegg/ssdb/). Transcription predictions used the Microbes Online web site (Dehal et al., 2010) .
Construction of nicA
1 plasmids A 4.6-kb DNA region of the B. bronchiseptica RB50 chromosome was PCR-amplified using oligonucleotide primers, 5 0 -ggccAAGCTTCATCCGGACTACTGGTACAGC-3 0 and 5 0 -ggccGAATTCCTGGTTTCCGATCGCGTCTAT-3 0 , and RB50 genomic DNA template. This DNA region includes a portion of the C-terminal coding region of nicC (BB1778), the entire nicA gene (BB1777), the overlapping downstream gene (BB1776) and part of the C-terminal coding region of BB1775. Amplicons were trimmed using HindIII and EcoRI (underlined in primer sequences), and the products ligated with HindIII-EcoRI-digested pBBR1MCS-2 plasmid vector DNA to yield nicA 1 plasmid, pBB2/nicA. The same nicA region insert DNA fragment was also cloned into plasmid vector pGEM3Z, using the HindIII and EcoRI cloning sites, to produce p3Z/nicA.
Construction of a nicC-lacZ gene fusion plasmid
A 0.3-kb DNA region of the B. bronchiseptica RB50 chromosome was PCR-amplified using oligonucleotide primers, 5 0 -ggccGAATTCGATTCTGGGTTTGCCTTGCAC-3 0 and 5 0 -ggccGAATTCGCCAATGCGGTAGGTCTTC-3 0 , and RB50 genomic DNA template. This region spans the entire nicCE intergenic DNA region with a predicted divergent bidirectional promoter. The resulting products were digested with EcoRI (sites underlined in primer sequences shown) and then ligated with EcoRI-digested plasmid vector pMP220. Despite the presence of compatible overhangs at both ends of the products, all resulting plasmids that were sequenced (n 5 8) were found to carry the insert DNA fragment in the same orientation, yielding nicC-lacZ transcriptional fusion plasmid, pMP/nicC-lacZ.
Construction of a bpsR
1 plasmid A 0.9-kb DNA region of the B. bronchiseptica RB50 chromosome was PCR-amplified using oligonucleotide primers, 5 0 -ggccGAATTCATGCCTTGTGCATGGCGGCT-3 0 and 5 0 -ggccGGATCCAACACCGGACCGGCACCCTA-3 0 , and RB50 genomic DNA template. This DNA region includes the entire 0.5-kb bpsR gene along with 0.2-kb flanking sequences both upstream and downstream of bpsR. The products were trimmed using EcoRI and BamHI (underlined in the primer sequences shown), and ligated with EcoRI-BamHIdigested pBBR1MCS-2 plasmid vector DNA to produce the bpsR 1 plasmid, pBB2/bpsR.
Construction of nicA deletion mutant strain RBB33
A 378-bp in-frame nicA deletion was generated by whole plasmid PCR mutagenesis (Makarova et al., 2000) using p3Z/nicA plasmid DNA template and deletion primer, 5 0 -ACTTCACGCTCGAGGTCAAC-TGCGGCACCCATATCGAAAT-3 0 , to loop out and excise 126 codons internal to nicA to yield plasmid p3Z/DnicA. The HindIII-EcoRI insert DNA fragment of p3Z/DnicA was subcloned to allelic exchange plasmid vector pEG7, and the DnicA allele was crossed to the chromosome of WT B. bronchiseptica strain RB50 by standard methods. PCR mapping and nucleotide sequencing confirmed the nicA deletion in mutant strain RBB33.
Growth yield determinations B. bronchiseptica strains were grown on BG agar at 378C for 24 h, and the plate growth was used to inoculate SS medium. After 24 h of incubation at 378C with shaking, the bacteria were harvested, washed using SS basal medium (lacking pyridines), and used to inoculate SS medium supplemented with test pyridines at the indicated concentrations. SS medium cultures (prepared in triplicate) had an initial cell density corresponding to an optical density at 600 nm wavelength (OD 600 ) of 0.1. Growth yields were determined after 24 h, and are reported as mean growth yield values (OD 600 ) 6 standard deviation, n 5 3. Mean growth yields were compared using Student's paired t test (two-tailed distribution, hypothesized difference 5 0); p values of 0.05 were considered to be significant. b-Galactosidase assays B. bronchiseptica strains carrying pMP220-derived lacZ fusion plasmids were grown on BG agar for 24 h and used to inoculate SS medium. After 24 h of growth, bacteria were washed twice with SS basal medium and subcultured at an initial cell density of 0.1 OD 600 into SS medium supplemented with the indicated pyridine compounds (triplicate cultures). After growth for 24 h, bacteria were assayed for bgalactosidase production by the method of Miller (Miller, 1972) with previously described modifications (Hunt et al., 1994) . LacZ activities are reported as mean LacZ activity values (in Miller Units) 6 standard deviation, n 5 3. Mean LacZ activities were compared using Student's paired t test (two-tailed distribution, hypothesized difference 5 0); p values of 0.05 were considered to be significant.
